Abstract | The human microbiome substantially affects many aspects of human physiology, including metabolism, drug interactions and numerous diseases. This realization, coupled with ever-improving nucleotide sequencing technology, has precipitated the collection of diverse data sets that profile the microbiome. In the past 2 years, studies have begun to include sufficient numbers of subjects to provide the power to associate these microbiome features with clinical states using advanced algorithms, increasing the use of microbiome studies both individually and collectively. Here we discuss tools and strategies for microbiome studies, from primer selection to bioinformatics analysis.
Human-associated microbial communities are implicated in a variety of diseases. Altered microbiota (the microorganisms that are present in a community) have been linked to vaginosis 1 , obesity 2 and inflammatory bowel disease (IBD) 3, 4 , among other maladies 5 . Although the importance of the human microbiota and the human microbiome has been hypothesized for some time, recent advances in the technology used to identify and to analyse components of the microbiome have substantially improved our knowledge of the microbial communities that are associated with various habitats, including humans.
The amount of variability in the microbiota and in the microbiomes both within a human subject and between different subjects is immense, and projects such as the Human Microbiome Project 6, 7 and MetaHIT 8 have already done much to define this variability. Few microbial species are shared by most people at appreciable abundance levels 9 , at least among the well-sampled human skin, gut, oral and genital communities. Immense diversity is even observed between serial samples that have been taken from the same site in the same person 9, 10 . Although human body sites and individuals do have distinct signatures, the differences in community composition across body sites are large, and within a body site, differences across individuals are, in general, much larger than differences between a single individual's community across time 11 . The importance of the human microbiome is thus immense, and this emerging field is rife with opportunities for discovery. Approaches to microbiome research are increasingly diverse, so here we present an outline of the many investigations that identify microorganisms (community surveys) and genes (shotgun metagenomics, referred to hereafter simply as 'metagenomics') that are present in the human-associated microbial communities and relate these communities to the host phenotype. Investigations into the RNAs, proteins and metabolites that are present -processes that are referred to as metatranscriptomics, metaproteomics and metabolomics, respectively -can also provide valuable insights, especially when they are combined with community surveys and metagenomic data 12, 13, 14 . In this Review, we primarily focus on DNA-based approaches, as they have been the primary means of interrogating the microbiome in recent investigations.
DNA-based microbiome studies DNA-based microbiome studies frequently fall into one of two categories. Targeted amplicon studies focus on one or a few marker genes and use these markers to reveal the composition and diversity of the microbiota. Other studies use an entire metagenomic approach. This is sometimes referred to as shotgun metagenomics owing to the randomness with which genomic sequences are obtained. FIGURE 1 provides an overview of both study types and how they may be combined. Metagenomics approaches have the advantage of providing much richer data on the functional potential present in microbial communities. However, compared to targeted amplicon studies, they sacrifice resolution into the composition (that is, the identity of the microorganisms present) of those communities. Both approaches are useful, and we consider them both in this Review.
Metagenomics
The study of the collective genome of microorganisms from an environment. Shotgun metagenomics refers to the approach of shearing DNA that have been extracted from the environment and sequencing the small fragments.
Amplicon
An amplified fragment of DNA from a region of a marker gene (such as 16S rDNA) that is generated by PCR.
We begin by addressing how researchers can investigate various constituents of a microbial community, such as eukaryotes, viruses and various groups of bacteria. We then cover the processing of biological samples and DNA extraction, followed by DNA sequencing and the methodological options that are available. We continue by providing some discussion about the bioinformatics software used to analyse the sequencing data that emanate from both targeted amplicon and metagenomic sequencing studies, and we conclude with our outlook on the near future of this rapidly evolving field. The aim of this article is to provide a guide to the experimental designs and analytical tools used in microbiome studies and to discuss the important decisions that experimenters face when conducting investigations into the microbiome.
Selecting microbial genetic targets
Most microbial community studies include targeted amplicon sequencing of phylogenetically informative markers, such as the ribosomal small subunit (16S ribosomal DNA (rDNA)) gene. This allows researchers to compare the identities of the microorganisms that are present in the communities of interest. One advantage of rRNA genes is that ribosomes, and thus 16S rDNA, are present in all living organisms, whereas other commonly used markers have a limited taxonomic distribution. Furthermore, ribosomal genes contain both slowly evolving regions that can be used to design broad-spectrum PCR primers and fast-evolving regions that can be used to classify organisms at finer taxonomic levels (for example, at the family or genus levels), although specieslevel resolution might be unfeasible using this information alone. Another advantage that the 16S rDNA gene provides over other potential marker genes is the availability of several large databases of reference sequences and taxonomies, such as greengenes 15 , SILVA 16 and the Ribosomal Database Project 17 . Although 16S rDNA is the most predominately used marker, the internal transcribed spacer region of the rRNA gene can be useful for some taxonomic groups, such as fungi, especially when resolution below the genus level is needed 18 .
Choice of universal PCR primer.
There is a large choice of PCR primers (even for the widely used 16S rDNA), each of which has advantages and disadvantages. PCR primers should therefore be carefully chosen to take into account the taxonomic coverage desired, the extent of phylogenetic information generated by the fragment, the compatibility of the fragment length with the sequencing platform and the degree of specificity for amplifying microbial sequences compared to host sequences. For instance, the widely used 16S rDNA primer pair F27-R338 is highly specific for bacteria (as opposed to archaea and eukaryotes) but lacks sensitivity for taxa such as Bifidobacterium 19 , which is an important member of the gut microbiota. Furthermore, a complete bacterial phylum, Verrucomicrobia, is so poorly amplified by the F27-R338 primer set that this group was perceived to be a rare soil microorganism when it is, in fact, a dominant taxon that constitutes more than 20% of soil community members 20 . In addition to minimizing amplification bias, an optimal primer set should amplify a region that is informative both taxonomically and phylogenetically, depending on the desired analyses. One way of assessing the taxonomic usefulness of the various hypervariable regions of the 16S rDNA gene is to compare the taxonomic assignments of short fragments (for example, 100-250 bp) in these regions against those of the full 16S rDNA gene. This type of analysis demonstrated that the 16S rDNA hypervariable region V6 poorly replicates full-length taxonomic assignments compared with the V4 or V2 region 21 . An illustrative cartoon on the effects of primer choice is shown in FIG. 2 .
In addition to the taxonomic coverage of a primer set and the usefulness of its amplicon, primer selection should also take into consideration what is known about Figure 1 | Bioinformatics analysis of microbiome sequence data. Although variations exist, we show typical analysis paths for both targeted amplicon analysis (for example, analysis of 16S rDNA) and metagenomic analysis (for example, shotgun amplification). In targeted amplicon studies (left branch), raw sequences are usually passed through quality filtering and denoising algorithms to minimize the effects of sequencing artefacts. The resulting filtered sequence reads are clustered into operational taxonomic units (OTUs), representing similar organisms, and the phylogeny and taxonomic identity (when the organisms closely resemble named taxonomic groups) are inferred. At this stage, it is possible to incorporate sequence data from other relevant studies, or the data can be treated individually. The abundance of the various OTUs is then subjected to a variety of multivariate analyses and visualization procedures to elucidate the structure and patterns of the microbial communities. In metagenomic studies (right branch), the raw sequence fragments are sometimes assembled into contiguous sequences (contigs). The functional potential of those sequences is then typically assessed using a functional annotation database. The results are used to identify important metabolic pathways and are compared to the results of other metagenomic studies. The processed data are then subjected to multivariate analyses and visualizations, and they are often combined with the results of microbial profiling. Note that there are several opportunities for obtaining targeted gene data (similar to those produced in 16S rDNA gene surveys) in metagenomic studies, as indicated by the step labelled 'identify target gene sequences'. KEGG, Kyoto Encyclopedia of Genes and Genomes; MG-RAST, Metagenomics Rapid Annotation using Subsystems Technology. In choosing primers, there is often a trade-off between being broadly inclusive and avoiding biases for or against specific groups, which might occur owing to variation in sequence conservation between lineages. Therefore, changes that increase the representation of one group may cause another group to drop out. This figure shows predicted taxonomic coverage for two 16S rDNA primer pairs: carefully selected universal primers (a) and commonly used primers with high bias (b). This results in variations in the observed taxonomic composition of communities owing to primer sensitivity, as shown in the pie charts for the communities in the mouth, the head and the skin and in the histograms on the right, representing the primer pairs' sensitivity to various microbial phyla (the effect continues to finer-level taxa, such as genera (not shown)). As no primer set is without some degree of bias, it is important that a priori knowledge of the target microbiota is used along with knowledge of a primer's performance when choosing a primer set. However, primer set 1 (which amplifies the F515-R806 fragment) is an especially good choice in terms of avoiding bias and allowing for good representation of known bacterial and archaeal groups. It has been adopted by the Earth Microbiome Project, among other projects. Data taken from REF. 9 .
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the constituents of a target community. For instance, the universal primer set F515-R806 amplifies a broad range of bacterial and archaeal phyla and would be a prudent choice for a diverse community, such as a soil sample for the purpose of mapping the entire bacterial and archaeal community. However, this primer set poorly amplifies Propionibacterium, a common skin microorganism, and another primer set such as F27-R338 could be a better choice for this particular sample type 22 .
Amplifying eukaryotic and viral communities. Highthroughput analyses of eukaryotic communities and parasites in host-associated environments are currently limited 23, 24 and have generally been targeted to specific taxonomic groups, such as fungi 25, 26 . Eukaryotes generally make up a small proportion of the biomass and so fully incorporating this class of organism into microbiome studies will require addressing the challenges that are presented by the low abundance of eukaryotes relative to bacteria, as well as addressing those challenges that are presented by the difficulty of avoiding amplification of host DNA. These are probably the reasons why many current studies have focused on specific taxa. One possible solution to avoid amplifying host DNA is to use universal primers together with blocking probes that are specific to the host sequence 27 . As more communitywide data are generated, it will be interesting to see whether the presence or absence of specific eukaryotic taxa is more or less informative than studying the overall community composition.
Viruses also have a major role in shaping the human microbiome. A typical healthy human carries an abundance of viral particles (~10 12 by some estimates) 28 , consisting mainly of bacteriophages but also of a substantial number of eukaryotic viruses 29 . Although an individual's gut virome varies substantially over the first few weeks of life 30 , the virome of adults seems stable over time; this is remarkable in light of the strong variation between the viromes of different individuals 31 . This pattern may be similar to the rapid changes that are observed in the bacterial microbiota early in life 32, 33 followed by relative stability in adulthood 9, 11 . The effects of these patterns in the human virome are mostly not understood, although certain bacteriophages in other animals are beneficial to the host 34 .
The lack of a gene that is universally present in all viruses means that amplicon-based studies cannot be used to characterize the virome in its totality. Instead, clade-specific viral genes can be used to identify and resolve viral subtypes from DNA sequences 28, 35 . In order to characterize the virome comprehensively, researchers can isolate virus-like particles before metagenomic sequencing 31 . Elucidating the important effects of the human virome is confounded by the fact that most human virome sequences remain 'unknown' when compared to public databases, such as the nr database from the US National Center for Biotechnology Information (NCBI) 36 . The challenges of annotating the functional roles of unknown organisms are therefore particularly acute in virome studies.
Processing of biological samples and DNA Sample collection. The rate-limiting step in obtaining samples of human-associated microorganisms is the approval of a human study protocol and the recruitment of subjects before the actual collection of the samples; the method of collection depends on the goals of the study and the willingness of the subjects to be sampled. Methods for collection are generally less controversial than other aspects of microbiome studies, but a few suggestions are presented in BOX 1 to make collecting samples (and, by extension, study design) more straightforward.
DNA extraction.
There has been some debate about which method results in the best picture of the microbial community 37 . However, most extraction methods use the same basic steps (cellular lysis, removal of non-DNA macromolecules and collection of the DNA) to separate the DNA from the cellular components and the environmental matrix. In general, the lysis step receives the most scrutiny, as the intensity of the lysis can result in bias towards a particular taxonomic group 38 . To avoid this, many studies use a combination of chemical, physical and mechanical means to lyse cells efficiently, and we suggest that all three means should be used to lyse cells in complex microbial assemblages. Incubating samples with detergents and/or enzymes followed by bead beating is a commonly used lysis method 1, 39, 40 , but there are also modified protocols for commercially available extraction kits that use a strong base, a high temperature and bead beating 9, 39, 41 . Non-DNA macromolecules are then physically separated from the DNA, and the DNA is then concentrated into a volume that is suitable for downstream applications. However, we should add that no extraction protocol works equally well on all sample types nor produces completely unbiased results: for example, researchers studying soil microorganisms have debated the 'best' method of DNA extraction for decades.
Minimizing contamination. Regardless of the extraction protocol used, steps must be taken to minimize contamination from a 'foreign' source. This will involve using sensible precautions (such as operating in as sterile an environment as possible and using clean equipment) and using commercially available kits or laboratory reagents that have been thoroughly tested to be free of contaminating DNA. Likewise, care should be taken to minimize contamination during sample collection. People collecting samples should wear gloves to prevent their own microbiota from contaminating samples, and they should adhere to an overall strategy of collecting samples in order of increasing biomass (for example, skin, then mouth and then faecal) to prevent the contamination of the lower biomass samples with those that are known to contain many microorganisms. After they have been collected, samples can be stored at various temperatures for short periods without there being a noticeable impact on the bacterial community 42, 43 . However, the long-term effects of various storage conditions on human-associated microorganisms are not well described, so it is best to extract samples as soon as possible after collection or to use consistent storage conditions within and across studies. As the field of human microbiome research is still young, we have the chance to be early adopters of emerging standards in sample preparation and to use largely homogenous methods to allow more convenient analysis of results across studies.
DNA sequencing methodologies
Following successful extraction of DNA from the communities of interest, there remains the important step of obtaining sequences from that DNA. Microbiome studies that use 16S rDNA-based taxonomic profiling, as well as shotgun metagenomic studies, have used several sequencing technologies, including capillary (Sanger) sequencing (such as the Applied Biosystems 3730xl DNA analyser), pyrosequencing (such as the Roche 454 Genome Sequencer GS, FLX and FLX Titanium) and Illumina's clonal arrays (such as the Illumina GAIIx
Box 1 | Recommendations for sample collection
The level of invasiveness of the sampling procedure should always be minimized when designing a study of human-associated microbiota. For instance, skin-associated communities can be sampled by swabbing 106, 107 , scraping and performing a punch biopsy 108 , each of which represents a different level of discomfort for the subject. Fortunately, each method produces a similar picture of the microbial community 108 ; as sufficient amounts of bacterial DNA can be recovered for 16S rDNA analysis by the less invasive swab method, punch biopsies should only be considered in circumstances in which deeper layers of the dermis must be studied. This logic extends to sampling other body sites. Mouth-and gut-associated microorganisms can easily be collected on swabs, which pose little risk of physical discomfort to the subject. However, when the study is focused on the lining of the gastrointestinal tract, there is little choice but to collect samples by endoscopy, as faecal samples are not sufficiently similar to the intestinal mucosa 109 . When designing a study, we suggest erring on the side of collecting as many samples as possible, as the increased statistical power of larger samples sizes cannot be overlooked when the difficulties of gaining approval and recruiting subjects represent a substantial barrier. Longitudinal studies, in particular, can provide much needed insights into the temporal variability of the microbial communities that are associated with specific body sites by using more samples from few individuals 9, 11, 110 .
Paired-end sequencing
An approach used in some sequencing platforms in which a single DNA clone is subjected to sequencing reads that originate from each of a set of primers, such that the direction of each sequencing reaction is directed to the origin of the other.
and HiSeq2000). To our knowledge, no microbial community study has been published using other sequencing technologies. As shown in Taxonomic profiling studies. The first taxonomic profiling studies were based on the Sanger sequencing method, starting with the short 5S rRNA gene and then using increasingly long fragments of the 16S rDNA, ultimately leading up to near-full-length 16S rDNA sequences 44 . The study of increasing fragment lengths has been made easier by the recent use of high-throughput sequencing techniques (FIG. 3) . These techniques allow more samples to be sequenced at a higher depth and lower cost, albeit at shorter read length (TABLE 1) .
In principle, longer sequences should yield higher resolution for applications such as classification 45 , defining novel taxa 44 or identifying specific biomarker organisms based on a culture-independent approach 46 . However, changes in community composition can typically be assessed on the basis of a gene fragment that is as small as 100 bp 47 . The drop in the length of sequenced fragments resulted in the need to select a shorter region of the 16S rDNA as a proxy, although no consensus has been reached regarding the single best region of 16S rDNA to assay (as noted above, several regions of the 16S rDNA are almost equally effective).
Within 5 years, the read lengths obtained by 454 pyrosequencing kits evolved from 100 bases (using the GS platform) to >250 bases (using the FLX platform) and then to 500 bases (using the FLX Titanium platform). Now these kits allow sequencing of almost the entire length of amplicons, which, because of the current chemistry of this technology, were thought to be limited to <600 bases (TABLE 1) . This approach can span multiple hypervariable and conserved regions, increasing the performance at different phylogenetic depths.
More recently, the promise of high depth at low cost introduced by the Illumina platform has resulted in the development of different strategies to compensate for the limitation posed by the shorter read lengths. Depending on the preferred region of 16S rDNA and amplification primers, fragments between ~100 and ~300 bases can be subjected to paired-end sequencing with read lengths of 76, 101 or 125 bases [48] [49] [50] [51] [52] [53] . Some of these approaches result in overlapping reads, increasing the total fragment length and sequence quality, whereas others result in a gap in the middle of the sequence. However, all approaches potentially allow much larger-scale studies than are possible with the 454 pyrosequencing technology. The switch from Sanger sequencing to parallel pyrosequencing has resulted in a widespread increase to thousands of reads per sample and to hundreds of samples per run. An Illuminabased approach gains two to three orders of magnitude, achieving millions of reads per sample and thousands of samples per run (TABLE 1) .
This continued evolution in the number of reads per run leads to an increasing need for higher levels of automation in sample preparation and for improved software tools to handle the resulting massive data sets. The decreased cost per sample and per nucleotide sequence has allowed immensely deep coverage of hundreds of samples simultaneously 52 . It has also introduced a plethora of new hurdles to overcome, from decreased taxonomic classification sensitivity owing to short read lengths and sequencing errors 54 to increased time and financial costs of sample preparation, which can be mitigated through new approaches 51 . The Figure 3 | How to get the most taxonomic information out of each sequencing technology. Taxonomic profiling consists of generating an amplicon (in red) of the (partial) 16S ribosomal RNA (rRNA) gene (top) with selected PCR primers, followed by sequencing that amplicon with a preferred technology (grey arrows): Sanger ABI 3730xl, 454 (FLX and FLX Titanium) and Illumina 101 paired-end (PE) sequencing technologies are compared in the figure. Arrows emanating from the schematic 16S gene represent common forward (F) and reverse (R) primers, and the orange boxes denote the hypervariable regions (V1-9), which are known to be far less conserved than the surrounding sequence. Technologies differ in the maximum allowable amplicon size and read length (TABLE 1 ) and therefore result in a different view of the community. To increase overall length and/or quality, Sanger-and Illumina-based strategies involve sequencing amplicons in both directions; in Sanger sequencing, there is also the option of using a third read. By contrast, a preferred 454-based strategy sequences the amplicons in a single direction owing to the lack of standard paired-end sequencing and loss of pairing information. Getting the most taxonomic information requires careful selection of primers, 16S rDNA windows and technologies in order to obtain the most data 27, 47 . The long length of Sanger reads diminishes the need for careful selection of amplicon primer pairs, which have been shown to have a large role in taxonomic assignment and community comparison results with 454 data. A variety of options exist, and studies such as the one described in REF. 47 provide suggestions on which sets to choose. Short read effects are exacerbated further in Illumina sequencing, and choosing amplicon size such that overlapping paired-end reads occur is an important consideration.
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Functional profiling approaches
Studies in which the genomic DNA of the microbiome is assessed for functional potential.
Functional profiling studies. Sequencing needs are somewhat different for metagenomic functional profiling approaches compared to the typical 16S-rDNA-based taxonomic-profiling approaches described in the previous section. Initial studies involved sequencing clones of large-insert libraries (for example, bacterial artificial chromosomes) that were derived from genomic DNA extracted from a microbial community 55 . Despite the great use of contextual data generated by these long fragments, such directed sequencing has largely been replaced by cheaper, high-throughput shotgun sequencing, both for metagenomics and for single-organism genomics. Ideally, large contiguous pieces of DNA would be generated that contain operons as well as phylogenetic markers or even that contain complete microbial genomes of previously uncultivated species.
The first example of using a large-scale, random shotgun sequencing approach is the reconstruction of a simple environmental community making up an acid mine biofilm. This study involved 78 million bases of long Sanger reads and led to several near-complete genomes of the key organisms that are present 56 . However, metagenomics studies have also undergone substantial changes owing to the introduction of new sequencing
Jumping libraries
Libraries that use molecular biology techniques to join together the ends of a larger DNA fragment, allowing sequencing on platforms that can only sequence a shorter fragment length. For example, 10 kb fragments might be reduced to 200 bases from each end, giving a final fragment size of 400 bp that can undergo paired-end sequencing. 
Operational taxonomic units (OTUs
Chimeric sequence
An artificial sequence that juxtaposes gene regions from two or more unrelated organisms. It is produced by recombination between two or more DNA molecules during PCR amplification.
Homopolymers
Sequences that contain repetitions of identical bases.
technologies. Increasingly more complex communities have now been tackled, making it far more difficult to sample the full breadth of a population at a sufficient depth to result in large contiguous sequences, something that is possible in low-diversity environments, such as in acid mine drainage. Using next-generation sequencing to increase the amount of data up to billions of bases per sample (as was recently done in a large-scale microbiome study of the human gut 8 ) still shows limitations in generating high-quality de novo assemblies: fewer than half of the short (75-base) reads could be assembled into contigs that were larger than 500 bases, and most of them were smaller than 2 kb. This depth issue is even more pronounced in those sample types that are not dominated by the microbial community and that contain large fractions of host DNA (for example, human mucosal sites can contain over 80% human DNA).
Although terabase metagenomic data sets will be available in the near future, the challenge of metagenomic assembly is unlikely to be solely addressed by increasing the depth of coverage, and improvements will depend on both the nature and the quality of the sequence data used as input and/or on the introduction of novel sequencing technologies. Approaches that are used and/or considered for metagenomic studies currently include: increasing read lengths by creating composite reads from short, overlapping paired-end sequences 57 ; applying a hybrid approach that combines abundant short reads patched with longer reads (for a first-generation application, see REF. 58 ; future applications could leverage the longer reads from the PacBio RS platform); or obtaining longrange connectivity using jumping libraries 59 . All of these approaches are heavily dependent on advancements in computational algorithms.
Error rates. An important distinction between genome sequencing -which drives the development of many sequencing methods -and microbiome sequencing is that in genome sequencing, the error rates are less important. In genome sequencing, each region of the genome is sequenced many times; by contrast, in microbiome sequencing, each fragment (derived from either amplicon or metagenomic sequencing) may be sequenced only once, and this intrinsic variation, which is conflated with the sequencing error on each read, is itself of interest. The effect of raw sequencing error rates on the observed microbial diversity is potentially great, as every sequencing error could be portrayed as arriving from a novel organism. This effect is now typically evaluated on the basis of a synthetic, or 'mock' , community that is created by pooling genomic DNA or cloned 16S rDNA fragments of multiple isolates 60, 61 . Ideally, near-full-length 16S rDNA gene sequences are available at reference quality for the organisms in the mock community; this allows a description of the effect of raw sequencing error rates on the number of operational taxonomic units (OTUs) and a calculation of the actual error rates and error types 62 .
Research on reducing all types of errors -including both sequencing errors and PCR-based chimeric sequence formation 63 -is an active area of study, especially with the regular introduction of novel technologies that require faster algorithms for downstream data analysis. In general, sequences that are suspected of including a high level of sequencing errors are discarded in an initial filtering step. Parameters such as the average quality score of the sequence, number and length of homopolymers, number of mismatches in the primers or total length of the sequence are tested to determine whether the sequence represents a true DNA fragment or a sequencing artefact. Chimeric sequences represent a different type of error: during PCR amplification, synthesis from a given template might be interrupted and then restarted using a different template that shares a certain degree of homology with the first template, resulting in a final DNA fragment that is formed from (at least) two different templates. Different tools exist to detect and remove chimeric sequences [64] [65] [66] . However, as these sequences are usually equally distributed across all samples that are subjected to the same protocol, chimaeras will primarily affect estimates of species richness (total number of OTUs in a given sample), not estimates of relative species diversity between samples.
Bioinformatics data analysis tools After DNA sequences have been acquired, they must be analysed and interpreted. The large amount of data produced in modern investigations requires sophisticated analysis tools; direct manipulation of the data, such as manually aligning DNA sequences, is no longer feasible. There are many approaches for analysing such data. Here we distinguish between the analysis of targeted amplicon and metagenomic microbiome data, where the latter includes a sampling of the entire complement of the DNA that is present in the microbiome rather than relying on inference of gene content from the organisms present (FIG. 1) .
Analysis tools for targeted amplicon data. For targeted amplicon sequencing (for example, sequencing of 16S rDNA profiles), tools such as QIIME 67 , mothur 66 and VAMPS were developed to allow researchers to compare and analyse microbial communities using large amounts of DNA sequence data. As noted above, high-throughput sequencing technologies introduce errors, or 'noise' , into sequence data. For 454 pyrosequencing technology, there are approaches to reduce these errors or to 'denoise' the sequencing results by clustering the flowgrams produced by the sequencer into a smaller number of DNA sequences that were probably present in the original biological samples. This can be done with tools such as AmpliconNoise 64 and Denoiser 69 , which can be applied individually or used within the context of QIIME, or they can be applied using mothur-based reimplementations.
One important decision to make when performing analysis is whether to use the original, published version of a tool or whether to use a tool integrator's implementation. In QIIME, our laboratories use the original implementations; this makes installation more difficult but guarantees the use of 'brand-name' tools. In mothur, the algorithms are rewritten from scratch, which makes the package easier to install and, in many cases, makes it run faster, but it does not guarantee that the same results
Metadata
Information associated with sequences, including environmental conditions and the time and location of the sample collection site.
Principal coordinates analysis
(PCoA). A multivariate technique used in microbiome studies to visualize the relationships among communities. Each community is represented by a point in typically two-or threedimensional space, and similar communities are located close to one another in the resulting PCoA plot.
Rarefaction curves
Plots of community diversity versus depth of sequencing (or, generally, observation). They are used to assess the amount of diversity and the extent to which it has been sampled at a given depth of sequencing.
will be produced. Other tools may use either of these two strategies or a mixture of them.
Assigning amplicon sequences to operational taxonomic units. DNA sequences, whether or not they have been denoised, are then typically clustered into OTUs. This process is a proxy for assigning DNA sequences to microbial species and is an important step for the analysis of diversity using a variety of species-based or OTUbased ecological metrics. Because most microbial species cannot yet be cultured in the laboratory 69 , diversity estimates are generally based on DNA sequence data that are grouped into these OTUs. OTUs can be defined as containing as much diversity as a given taxonomic level (for example, species or genus) by changing the sequence similarity threshold. However, the sequence similarity thresholds used are imprecise measures of an imprecise concept of a microbial 'species' , and the sequence identity of, for example, the V2 region of the 16S rDNA does not exactly reflect the sequence identity of the entire gene 70 . An alternative to grouping sequence data using OTU thresholds to cluster the sequences without any external information (also known as de novo OTU picking) is to analyse only those sequences that can be formally assigned to known taxa or to analyse only those sequences that are highly similar to known taxa. This alternative approach is known as reference-based OTU clustering (or picking), and it frequently yields similar patterns to de novo approaches. In reference-based OTU picking, new DNA sequences are compared to one of a variety of reference databases of typically long, highquality DNA sequences, such as those that are maintained by greengenes 15 or by SILVA 16 . Reference-based approaches have several key advantages over the de novo approaches that have just been described, although they lack the latter's suitability for exploring uncharted territory in microbiome space. They can be especially useful for combining sequence data from different regions of the 16S rDNA gene by mapping disparate regions onto a database of full-length reference sequences or for combining sequence data that are generated from different sequencing technologies. In such cases, de novo OTU picking would not be appropriate, as identical microorganisms might wrongly be assigned to different OTUs based solely on differences in sequencing technology or in the DNA region chosen for amplification.
The reference-based approach to OTU generation is increasingly valuable as the extent of publicly available data expands because it allows new investigations to be interpreted in the context of existing studies. Picking OTUs against a reference database can also reduce the impact of chimeric sequences and noisy data. For example, one study resequenced the microbiota of two individuals using Illumina sequencing and compared community composition over time to previous results obtained on the same individuals by pyrosequencing 11 . These approaches are becoming increasingly important, as databases such as VAMPS, MG-RAST 71 and the QIIME database aggregate sequences that are produced by different platforms and technologies, although such comparisons can be highly effective, even using existing techniques 11 .
As the amount of sequence data for microbial communities grows exponentially, it is becoming increasingly clear that detailed information about samples (metadata) is crucial for enabling comparison of studies in databases and for allowing meta-analyses of the sequence data. The Genomic Standards Consortium aims to make standard the collection and reporting of detailed and standardized 'metadata' about the sequences. Such data would include clinical information about the subjects and technical information about how the DNA extraction, sequencing and other steps were performed. Towards this goal, the Genomic Standards Consortium has recently introduced standards, such as Minimum Information about Any (x) Sequence (MIxS) 72 , that allow these important factors to be defined. These standards have already been adopted by large projects, such as the Human Microbiome Project Inferring phylogenetic relationships. The phylogenetic relationships among DNA sequences can also be inferred, either by using an existing reference database with an associated phylogeny (such as greengenes or SILVA) or by inferring the phylogeny de novo using tools such as NAST 75, 76 (for sequence alignment) and FastTree 77 (for phylogeny inference from aligned sequences). Phylogenies allow the use of phylogenetically aware analysis, such as UniFrac 78 and Phylogenetic Diversity 79 , which have been extensively used. Again, such tools for phylogeny inference can be used in isolation or within the context of QIIME, mothur or other pipelines. Even after sequences have been assigned to OTUs and possibly related to one another using a phylogenetic tree, the scale of data is still extensive. Various approaches exist to interpret such data to reveal meaningful patterns in microbial diversity. Typical approaches include applying metrics of communitywide similarity and using analyses such as principal coordinates analysis (PCoA) to visualize the relationships between microbial communities. The generation of rarefaction curves to display within-community diversity (α-diversity) is also common, as are various approaches to assess informative taxa across communities and across categories of communities. VAMPS, QIIME and mothur all perform such analyses and frequently produce publication-ready figures 11, 80 . Analytical tools for metagenomic data. In addition to taxonomic analyses using marker genes, microbial community studies are increasingly using metagenomic sequencing to assess community membership in diverse environments 8, 10, [81] [82] [83] . One additional benefit of metagenomic sequencing is that it yields information on the encoded functional potential in the community DNA, and this functional profile can help to generate hypotheses on community dynamics and metabolic properties.
To determine the phylogenetic membership of microbial communities based on metagenomic sequences, several freely available and popular software packages compare the metagenomic reads to a variety of full genome sequences using BLAST or
Interpolated Markov models
A bioinformatics technique used here to classify DNA sequences using patterns of k-mer nucleotide strings that are present in a within a genome database.
interpolated Markov models. The identity of the best match then determines the likely phylogenetic origin of the sequence 84, 85 . Another alternative is to find and extract informative phylogenetic markers from the metagenomic reads, which can be processed with similar methods to targeted gene surveys 86, 87 . However, the taxonomic assignments from arbitrary metagenomic fragments remain a big challenge as much of the novelty in metagenomes still corresponds to organisms that lack a representative sequenced genome, and complementing metagenomic analyses with 16S rDNA analyses for which much larger reference databases exist are often useful. One advantage of metagenomic approaches is their ability to discriminate strains of common species by gene content beyond the resolution that is possible with 16S rDNA sequences 8 , although this approach requires high coverage and thus cannot be applied to rarer members of the community.
Functional annotation of metagenomic sequences.
Community functional potential is almost always analysed by comparing the metagenomic sequences to large databases of metabolic annotations [88] [89] [90] . Depending on the sequencing strategy, coverage and community complexity, the sequences can either be used directly as short fragments, or they can be assembled into larger contigs for gene calling before annotation (for a review of metagenomic assembly, see REF. 91 ). Some software packages exist to tie together various components, and although no single standard exists yet, the Genomic Standards Consortium 92 is currently working towards a consistent way for describing and comparing approaches. Depending on the need for customization and computational resources, annotation pipelines can be downloaded and run on a local computer cluster (for example, SmashCommunity 93 ), or a user can upload their sequence data to a Web server and use a prestructured pipeline, such as MG-RAST 71 , CAMERA 94 or IMG/M 95 . One major benefit of online resources such as MG-RAST is the ability to compare publicly available metagenomic data sets, allowing users to perform comparative metagenomic analysis of their samples against a huge variety of environmental and host-associated metagenomic projects.
As with targeted gene surveys, one of the greatest challenges for understanding metagenomic data sets is the identification of significantly different features between communities. Just like targeted gene surveys, the large number of DNA sequences and functional groups requires paying careful attention to false discovery rates and good knowledge of suitable statistical tests -simple parametric statistics are rarely appropriate. Additionally, it can be difficult to understand the biological importance of a list of gene functions that are differentially represented between two communities or between several groups of communities. An increasing number of tools and strategies are being developed that allow the identification of substantial differences in functional groups in metagenomes and, importantly, they can aggregate these gene-level differences into metabolic pathways that are differentially represented 46, 96, 97 .
It should be noted that many DNA sequences from both metagenomic and targeted gene studies originate from poorly characterized genes and microorganisms, and our understanding of many of the microbial guests that are harboured in the human body is still shallow. There are thus ongoing efforts to sequence the complete genomes of a wide variety of microorganisms, in part to provide a framework from which to interpret DNA sequences from microbiome studies. These additional reference genomes that are provided by large sequencing efforts, such as the Human Microbiome Project, are allowing more insight into the nature of microorganisms that are identified in targeted gene surveys and are aiding in the functional annotation and assembly of metagenomic sequences. The availability of a larger number of reference genomes will also have a dramatic influence in our understanding of disease-associated strains and pathogenicity, as well as in providing a clearer picture of microbial evolution. Finally, the accumulation of more reference genomes will result in a faster pace at which we can reconstruct new genomes from short reads by using co-assembly methods 98 .
Conclusions and prospectus
Characterizing the taxonomic and functional characteristics of the human microbiome, despite considerable variation in methodology, is providing a much richer picture of our 'normal' microbial symbionts and, for several body sites, the association between microbial communities and human disease. One theme that is common to both taxonomic and functional analyses of the human microbiome is that, in order to find associations between genes, organisms and physiological or disease states, it is more informative to use larger numbers of samples than it is to sequence each sample at greater coverage. Depending on the subtlety of the patterns to be discovered, surprisingly few sequences per sample may be needed to reveal them 99 . However, associations that involve rare species and rare genes will require far deeper sampling than is currently typical 100 . For example, we know that many pathogens can be introduced with inocula consisting of only a handful of cells: the discovery of rare, persistent pathogens (either at the level of species or at the level of strains) or of rare genes, such as virulence factors, might require several additional orders of magnitude of sequencing effort and/or finer resolution of sampling sites. These deeper investigations might involve directly sampling gut mucosa rather than relying on stools as a proxy or sampling specific and anatomically defined regions of skin. Relevant to this issue is the possibility that rare 'keystone' genes or species that are themselves undetectable might produce widespread ripples in common members of the microbiota that are more readily detectable. For example, sampling a cubic kilometre of Yellowstone National Park would be unlikely to reveal much wolf DNA, but we know that wolves are crucial in structuring this ecosystem because their role is reflected in the distribution of common plants, animals and even fish 101 . In this context, it is especially important to
Leave-one-out analyses
Studies of a microbial community that lacks one of its constituent microbial taxa.
distinguish correlations between the presence or abundance of genes and species with physiological states and causation of those states by these species. Causality has been established in a few cases: stool transplantations from one human to another can cure persistent Clostridium difficile infections 102 , and transfer of microbial communities together with associated physiological states has been seen between different mice 103 or even between humans and mice 104 . However, manipulating the microbiome of humans involves overcoming substantial bureaucratic obstacles, which, in our view, are excessive, given the prevalence of unverified and largely unregulated products that aim to manipulate the microbiome and are marketed directly to non-expert consumers. Thus, we can expect much of this work to take place in animal models for the foreseeable future. Whether prospective time series studies will reveal which associations between genes or microorganisms and physiological states are causal and which are side effects remains an important unresolved question.
In this Review, we have focused on 16S rDNA and metagenomic studies, which tell us about community membership and functional capacity. However, studies of gene expression at the RNA and protein level, of metabolites and of specific groups of lipids, carbohydrates and other markers will be increasingly important, as will studies of complete genomes of individual species in their natural environments. An especially exciting prospect is the ability to assemble personalized culture collections that describe the variability within an individual person 105 . Such investigations will allow more detailed manipulation of these communities, such as leave-one-out analyses and other perturbations, allowing us to untangle the effects of specific genes and organisms within complex communities. Manipulations of culture collections should help to determine which level of 'multi-omics' analysis is most useful for identifying biomarkers of human disease and also for generally increasing our understanding of the associations between microorganisms and human health.
